Hybrid males resulting from crosses between closely related species of Drosophila are sterile. The F1 hybrid sterility phenotype is mainly due to defects occurring during late stages of development that relate to sperm individualization, and so genes controlling sperm development may have been subjected to selective diversification between species. It is also possible that genes of spermatogenesis experience selective constraints given their role in a developmental pathway. We analyzed the molecular evolution of three genes playing a role during the sperm developmental pathway in Drosophila at an early (bam), a mid (aly), and a late (dj) stage. The complete coding region of these genes was sequenced in different strains of Drosophila melanogaster and Drosophila simulans. All three genes showed rapid divergence between species, with larger numbers of nonsynonymous to synonymous differences between species than polymorphisms. Although this could be interpreted as evidence for positive selection at all three genes, formal tests of selection do not support such a conclusion. Departures from neutrality were detected only for dj and bam but not aly. The role played by selection is unique and determined by gene-specific characteristics rather than site of expression. In dj, the departure was due to a high proportion of neutral synonymous polymorphisms in D. simulans, and there was evidence of purifying selection maintaining a high lysine amino acid protein content that is characteristic of other DNA-binding proteins. The earliest spermatogenesis gene surveyed, which plays a role in both male and female gametogenesis, was bam, and its significant departure from neutrality was due to an excess of nonsynonymous substitutions between species. Bam is degraded at the end of mitosis, and rapid evolutionary changes among species might be a characteristic shared with other degradable transient proteins. However, the large number of nonsynonymous changes between D. melanogaster and D. simulans and a phylogenetic comparative analysis among species confirms evidence of positive selection driving the evolution of Bam and suggests an yet unknown germ cell line developmental adaptive change between these two species.
Introduction
Hybrid males between closely related species of Drosophila are usually sterile, and such a form of postzygotic reproductive isolation may be at least partially a consequence of rapid evolution of male reproductive genes (Civetta and Singh 1998; Presgraves et al. 2003; Orr, Masly, and Presgraves 2004) . A genomic comparative approach has found higher amino acid sequence divergence between Drosophila melanogaster and Drosophila pseudoobscura for genes expressed in the testes than the genome-wide average (Richards et al. 2005) . Other studies point at reproductive traits and genes, more specifically genes with a role in sperm differentiation and maturation, as targets of drastic change during species differentiation. For example, microscopy analyses of spermatogenesis in F1 hybrids from crosses between Drosophila simulans, Drosophila sechellia, and Drosophila mauritiana show that hybrid male sterility results from a combination of premeiotic and postmeiotic defects (Kulathinal and Singh 1998) . The expression of genes in late stages of sperm development are downregulated in interspecific male Drosophila hybrids (Michalak and Noor 2003) . Highly divergent genes involved in sex-related regulatory functions are also good candidates for genes that promote speciation (Ting et al. 1998; 2000) . For example, the Odysseus locus of Drosophila contains a homeodomain thought to play a role in regulation of gene transcription in spermiogenesis that shows a very high rate of replacement substitutions among closely related species (Ting et al. 1998; Nei and Zhang 1998) .
While genes with a role in sperm development might be targets of rapid change, developmental genes in general are supposed to be widely conserved during evolution. In particular, genes that control early stages of differentiation and therefore influence a cascade of events are supposed to be under stronger selective constraints than genes with a role in later stages of development (Richter et al. 1997; Wilkins 2002) . Spermatogenesis in Drosophila is a relatively wellunderstood developmental process both in terms of cellular and subcellular changes that define stages and mutations at specific genes that affect them (Fuller 1993 (Fuller , 1998 Wakimoto, Lindsley, and Herrera 2004) . Therefore, spermatogenesis provides an excellent model system to study the molecular evolution of a group of developmental genes that can impact male fertility and be important in determining sex-specific adaptations among species. Although several genes have been identified to play different roles during sperm development, mutagenesis identifies genes that act at key regulatory stages in the spermatogenesis pathway of Drosophila: the transition from mitotic division producing spermatocytes into meiosis, the progression of the meiotic cell cycle and the onset of spermatid differentiation, and a final step of spermatid differentiation (spermiogenesis) marked by remodeling of subcellular sperm components such as growth and organization of the long flagellar axoneme, elongation of specialized mitochondrial derivative for motility, and DNA condensation and nuclear shaping (Fuller 1998) .
In this study, we targeted three genes with roles in the mitosis-meiosis transition (bag of marbles), meiotic progression (always early), and spermiogenesis (don juan) (see fig. 4 , Fuller 1998) . bag of marbles (bam) encodes a protein needed to cease mitotic division and begin meiotic division of both the male and female germ-line cell lineage. However, in females, bam is also required for the germ-line stem cells (GSCs) to differentiate into progenitor cells of oogenesis (McKearin and Spradling 1990; McKearin and Ohlstein 1995) . always early (aly) is a meiotic arrest gene required for the accumulation of other meiotic arrest class gene products during meiosis, so aly plays a central role in regulating the progress of meiosis (Fuller 1998; Jiang and WhiteCooper 2003) . aly also plays an important role in modifying chromatin structure and triggering transcription of genes required in spermiogenesis (Lin, Viswanathan, and Wood 1996; White-Cooper et al. 1998; Jiang and White-Cooper 2003) . Finally, don juan (dj) encodes a basic lysine-rich protein expressed in the tail of mature sperm cells and involved in maturation of elongated spermatids during spermiogenesis (Santel et al. 1997) . Given the basic nature of the protein, it is thought to also function as a DNA-binding protein with a possible role during the final phase of chromatin condensation in spermatids (Santel et al. 1997 (Santel et al. , 1998 .
We analyzed patterns of sequence polymorphism and interspecies sequence divergence using a North American and an African population of D. melanogaster together with a D. simulans population to test for signs of selection shaping the evolution of three sex-related genes that control different stages of sperm differentiation and maturation in Drosophila. We find high sequence divergence in all three genes but departures from neutrality only for bam and don juan. In don juan the departure is due to an excess of synonymous polymorphism in D. simulans that are mainly localized within a lysine-rich domain under purifying selection. The gene bam shows an excess of amino acid substitutions between D. melanogaster and D. simulans, which are indicative of adaptive diversification between species, and signs of lineage-specific positive selection in a phylogenetic comparative analysis including other species of Drosophila.
Materials and Methods

DNA Samples and Sequencing
Flies were maintained on a cornmeal molasses media, and DNA was extracted from pools of approximately 10 adult flies using a standard extraction protocol. We sampled 16 North American isofemale lines of D. melanogaster (collected in Winnipeg and established in 2001 by A.C.), nine D. melanogaster lines from Zimbabwe (Africa) and 6 D. simulans lines from California. The entire coding region of bam, aly, and dj genes were polymerase chain reaction (PCR) amplified from DNA extractions using oligonucleotide primers designed from published D. melanogaster sequence information (GenBank accession numbers: NM_057452, NM_080118 and NM_169163). PCR products were cleaned using the Wizard SV gel and PCR Clean-up system kit (Promega, Madison, Wisc.) and sequenced on a Beckman Coulter CEQ 2000XL automated sequencer using protocols provided by the manufacturers. Primer sequences used for PCR amplifications and PCR sequencing reactions along with conditions for each gene analyzed are available upon request. All sequencing reactions were done using both forward and reverse primers (both strands) from two independent PCR products, and a consensus sequence for each strain was obtained from alignments using the program ClustalX 1.81 (Thompson et al. 1997 ) with manual adjustments. All sequences can be found in GenBank under accession numbers DQ315948-DQ316036.
Sequence Data Analyses
Sequences from all Drosophila strains were aligned using ClustalX 1.81 (Thompson et al. 1997) , and analysis of polymorphism and divergence was carried out using the program DnaSP 4.0 (Rozas et al. 2003) and MEGA 3.0 (Kumar, Tamura and Nei 2004) . DNA polymorphism was quantified using estimates of p, the average pairwise difference between haplotypes (Nei 1987) and h, the expected nucleotide diversity under neutrality determined from the number of segregating sites (Watterson 1975) .
The tests of Tajima (1989) and Fu and Li (1993) were used to detect signs of selection from the distribution of polymorphisms. Tajima's D test measures the differences between the number of segregating sites and the average number of nucleotide differences. The Fu and Li tests are based on the differences between the number of singletons and the total number of mutations (D*) or the average number of nucleotide differences between pairs of sequences (F*). The H test of Fay and Wu (2000) was used to distinguish between selective sweep and background selection, and the test is based on the differences between the average number of nucleotide differences between pairs of sequences and an estimator of the frequency of derived variants. Statistical significance was tested using a coalescence simulation with 10,000 replications. The rate of nonsynonymous-synonymous substitutions per nonsynonymous-synonymous site (Nei and Gojobori 1986) was calculated for both polymorphism and interspecies comparisons. Overall and codon nucleotide composition as well as GC content were estimated using both DnaSP and MEGA. The test of McDonald and Kreitman (1991) , which compares interspecific and intraspecific fixed and polymorphic synonymous and replacement changes, was used to detect selection. Protein sequence domains and signals were identified using the MotifScan tool available at PROSITE (http://ca.expasy.org/prosite/) or predicted using the computer program PSORT II (http://psort.nibb.ac.jp).
We tested for positive selection for the three genes sequenced by using phylogenetic analysis by maximum likelihood (PAML v3.14) (Yang 1997 ) among species of Drosophila. For this purpose, our D. melanogaster and D. simulans gene sequences were used to Blast the Drosophila species trace files available from GenBank (http://www.ncbi.nlm.nih.gov), and traces were assembled into a single gene contig using Sequence Manager (DNAStar). Aligned sequences were tested using different models within the program codonml available in the PAML software package. The site-specific models test for signs of positive selection by allowing the x (d N /d S ) ratio to vary among 656 Civetta et al. codon sites but not among lineages (Yang et al. 2000) . Positive selection is inferred from comparing log-likelihood estimates of a tree topology under models that make different assumptions in terms of x variation over codon sites. We compared log-likelihood results from models 1a and model 2a. Model 1a (M1a) is a nearly neutral model in which x is estimated from the data and it is assumed to freely vary between 0 and 1, and model 2a (M2a) is a positive selection model that considers the possibility of codon sites evolving under positive selection (x . 1) (Wong et al. 2004) . We also compared log-likelihood estimates from model M7, in which x is assumed to range between 0 and 1 following a beta distribution, and model M8 which allows codon sites with x . 1 (Yang et al. 2000; Wong et al. 2004) .
It is possible that positive selection is restricted to specific lineages and few amino acid sites within a protein, so we also examined a set of models that allow x to vary among codon sites and lineages within a phylogeny (Yang and Nielsen 2002) . This is branch-site model A (model 5 2; NSsites 5 2), in which the background lineages vary in x between 0 and 1 and the lineage or foreground branch to test is allowed x . 1. The log likelihood of the branch-site model A is compared to the log likelihood of the nearly neutral model M1a, and if significant, the posterior probability that a codon site within the tested branch is under positive selection is estimated using the Bayes empirical Bayes procedure implemented in codonml (Yang, Wong, and Nielsen 2005) . The log-likelihood of model A is also compared to the same model but fixing the x value of the foreground branch to 1 so that any significant variation in x between foreground and background branches can be attributed to positive selection as opposed to differences in selective constraints (Yang and Nielsen 2002) .
Results and Discussion
Approximately 1.5 kb including the entire coding region of the bag of marble (bam) gene, 900 bp of don juan (dj), and 1.6 kb of always early ( (table 1) . There is a higher proportion of silent polymorphisms at the dj gene in D. simulans than in D. melanogaster (table 1) . Pi (p) and theta (h) estimates of total sequence variation are within those obtained for other Drosophila genes in previous studies (Moriyama and Powell 1996; Andolfatto 2001) . Two exceptions are aly for the Zimbabwe sample and don juan for D. simulans (table 2), which have experienced an elevated proportion of silent site polymorphisms compared to values reported Tests of neutrality based on comparisons of heterozygosity found within populations were nonsignificant (table 2). These tests have been found to have low power to demonstrate departures from neutrality, particularly when sample sizes are below 20 (Richter et al. 1997 ). The negative sign of the tests suggest a tendency toward a larger than expected number of polymorphic sites in low frequency. Rare polymorphisms are expected under either recent selection removing variation (purifying selection) or a positive selective sweep driving sites to fixation (Tajima 1989) . The H test of Fay and Wu is used to distinguish between a selective sweep, which will lead to neutral variants in either high frequency (hitchhike to fixation) or low frequency (newly arisen mutations after the selection event), and background selection that is expected to remove polymorphisms leaving only new low-frequency variants that have arisen after the selective event. The test uses the different expectations in terms of frequency of derived mutations since the selective event (Fay and Wu 2000) . A negative H test indicates an excess of derived mutations, and it supports a recent selective sweep as responsible for a higher than expected proportion of rare polymorphism. The H test was only negative and significant under the assumption of free recombination for aly in the D. melanogaster Winnipeg sample (table 2), and the significant result held when using an estimate of recombination obtained from the sample (R 5 59; P5 0.019). However, it is worth noting that the H test can lead to a false detection of selection when loci are chosen without independent evidence of a recent selective sweep or simply as a consequence of sampling (Przeworski 2002) .
Nuclear Localization and Mitochondrial Targeting Signals
Aly and Dj contain short amino acid sequences in the amino end of the protein that are predicted signals for transport to the mitochondria (Appendix 1, Supplementary Material online). A mitochondrial localization signal (IRPHH) in exon 1 of dj shows no polymorphisms or substitutions both within and between species, and the absence of nucleotide changes within these domains suggests strong selective constraints most likely related to the fact that Dj is found along the flagellum of the sperm mitochondrial derivatives (Santel et al. 1997 (Santel et al. , 1998 . Despite the presence of a PRKMV mitochondrial targeting signal in Aly, two nonsynonymous polymorphisms were found suggesting poor amino acid sequence conservation. The poor conservation of the mitochondrial targeting signal motif in Aly is likely related to relaxed selective constraints, as Aly is synthesized in the cytoplasm and transported to the nuclei of primary spermatocytes with no localization to the mitochondria (White-Cooper et al. 2000; Jiang and White-Cooper 2003) .
All three genes have recognizable nuclear localization signals (NLS) within their amino acid sequences. The Dj protein is found in the nuclei of spermatids during chromatin condensation (Santel et al. 1997 (Santel et al. , 1998 , and the protein contains an eight times repeated motif (DPCKKK) that serves as an NLS (Appendix 1, Supplementary Material online). There is strong conservation of this domain, with 17 synonymous polymorphisms in D. simulans but no nonsynonymous polymorphisms or substitutions between species (Appendix 1, Supplementary Material online). The transportation of Aly from the cytoplasm to the nucleus, where it triggers chromatin remodeling and transcription of genes needed for the progression of spermatogenesis (Lin, Viswanathan, and Wood 1996) , can be aborted by mutations in the NLS (Jiang and White-Cooper 2003) . There is sequence conservation of the NLS regions found in the Aly protein. One region, present in exon 1, has one nonsynonymous polymorphism in D. simulans that results in the replacement between two positively charged amino acids (lysine and arginine). Another NLS comprising 17 amino acids is present in exon 2 and has only experienced synonymous polymorphisms and substitutions but no nonsynonymous changes. An NLS is found in Bam, but the domain is poorly conserved with similar numbers of synonymous and nonsynonymous changes between D. simulans and D. melanogaster (Appendix 1, Supplementary Material online). Such poor conservation of an NLS in Bam suggests no selective constraints and may be due to the fact that the protein is not transported to cell nucleus but found in a germ cell-specific organelle, the fusome, and the cytoplasm (McKearin and Ohlstein 1995) . 658 Civetta et al.
Purifying Selection Maintains High Lysine Content in don juan While Positive Selection Drives the Evolution of bag of marble
All three genes analyzed in this study show the same trend of an excess of nonsynonymous to synonymous fixed differences when compared with nonsynonymous to synonymous polymorphisms (table 3) . However, the departure is only significant for the dj and bam genes in comparisons between D. melanogaster Zimbabwe and D. simulans. These two genes show also marginally significant departures in D. melanogaster Winnipeg-D. simulans comparisons (table 3) . However, the reasons for the departures from neutrality are different for the two genes. While bam shows an excess of nonsynonymous substitutions between species, dj shows an excess of synonymous polymorphisms in D. simulans (table 3) . A comparison of estimates of nonsynonymous and synonymous between species substitutions for the three genes analyzed in this study with other Drosophila genes also depicts the rather large proportion of nonsynonymous substitutions at bam and of synonymous changes at dj (d N 5 0.072 and d S 5 0.229, respectively; see table 1 in Begun and Whitley [2000] and table 2 in Begun [2002] ).
A window analysis of the proportion of silent and synonymous changes shows an elevated proportion of polymorphisms and substitutions in the second exon of the dj gene ( fig. 1 ). There is no sign of selection for specific codons driving the accumulation of synonymous changes between D. simulans and D. melanogaster (Unpreferred: 10/ 115 5 0.09; Preferred: 13/81 5 0.16; P 5 0.175) but rather a high proportion of synonymous polymorphisms that are concentrated within a lysine-rich domain in the second exon of D. simulans ( fig. 1 and Appendix 1, Supplementary Material online). The large proportion of synonymous polymorphisms in D. simulans equally involves C-T and A-G changes, and an average 53% AT nucleotide content at synonymous third codon position does not lend support for mutational bias. The high proportion of synonymous polymorphisms appears to be a consequence of the accumulation of neutral mutations that are tolerated as far as the high lysine-rich content is maintained within the second exon of the dj gene, where there is a content bias of A nucleotides compared to exon 1 (43% and 29%, respectively). Such bias is particularly strong at the first (45%) and second (54%) codon position that defines AAR triplets for lysine but not at the third more neutral nucleotide position (34%). This form of purifying selection is similar to a previously reported case of purifying selection maintaining high arginine content in the protamine sperm protein among mammalian and nonmammalian vertebrates (Clark and Civetta 2000; Rooney, Zhang, and Nei 2000) .
The bam gene shows a high proportion of replacement to synonymous fixed differences between species indicative of positive selection (table 3). The comparison of log-likelihood values from site models in codonml for alignments of our consensus D. melanogaster African and Winnipeg population plus D. simulans with D. sechellia, Drosophila yakuba, and Drosophila erecta sequences retrieved and assembled from GenBank trace files (Appendix 2, Supplementary Material online) showed no evidence of positive selection among sites for either bam, aly, or dj. However, the site models detect positive selection at individual codon sites only if the average d N over lineages is higher than d S . Therefore, we used D. yakuba sequences as an ancestral sequence to both D. melanogaster and D. simulans and assigned replacement and synonymous substitutions to either the melanogaster or simulans branch of the three species tree. We found the highest proportion of nonsynonymous to synonymous changes in the simulans branch of bam (36/14) compared to melanogaster (27/15) and the ratios for bam were higher than for aly (simulans: 18/16; melanogaster: 17/12) and dj (simulans: 4/3; melanogaster: 5/7). The sign of positive selection detected by the McDonald-Kreitman test and the high proportion of nonsynonymous changes in the simulans lineage prompted us to use the branch-site model of codonml to formally test for selection in the branch leading to the simulans clade ( fig. 2) . Evidence of positive selection along this branch was detected only for bam with approximately 5% of codon sites under positive selection (table 4) .
Seven amino acid replacements and only one synonymous substitution between D. melanogaster and D. simulans are found within a PEST domain in the carboxy-terminal region of Bam and two show a weak sign of positive selection (table 4 and Appendix 1, Supplementary Material online). This domain is typical of unstable proteins that are sensitive to proteases and targeted for degradation (Rogers, Wells and Rechsteiner 1986; Fukuda and Itoh 2004) . Bam is needed for switching from self-renewal of GSCs into differentiation, and its cytoplasmic form is a transiently expressed protein that begins to accumulate at the start of cytoblast differentiation and disappears after four rounds of mitosis (McKearin and Ohlstein 1995; Ohlstein and McKearin 1997; Szakmary et al. 2005) . Gain of function screens in lines with defects at early stages of spermatogenesis show that repression of bam expression in the male GSC population is important for male GSC survival (Schulz et al. 2004) . It is possible that the rapid evolution of the bam gene, and perhaps the detected signal of positive selection, is common among transiently expressed genes or even restricted to proteins degraded during mitosis. Comparison of the pattern of molecular evolution between orthologs in Caenorhabditis elegans and Caenorhabditis briggsae has shown that transiently expressed embryonic genes and modulated larval and adult genes show elevated rates of protein evolution (Cutter and Ward 2005) . However, the sign of positive selection is indicative of interspecies adaptations and seems to be restricted to the branch leading to species of the simulans clade. This suggests that positive selection might relate to an unknown developmental adjustment unique to these species. One possibility is that proteins regulated through proteolysis during mitosis are under well-defined species-specific interactions and can be driven by positive selection.
Our study shows a pattern of high sequence divergence between closely related species for three genes with roles during different stages of sperm development in Drosophila. Rapid evolution is expected for sex-related genes but not consistent with views of selective constraints on early developmental genes and relaxed selection in more lately expressed genes. In fact, our results show that the most downstream gene (dj) in the sperm developmental cascade is the only one showing signs of purifying selection, while an early expressed gene (bam) shows signs of adaptive divergence between species. The form of purifying selection operating on dj is similar to what has been reported for protamine, a DNA-binding sperm surface protein in mammals. Our results suggest that the selective mechanisms for rapid evolution of genes of reproduction are dictated by specific gene functional characteristics rather than site of expression. The combined analysis of 660 Civetta et al. polymorphism and divergence allowed us to reach conclusions about selection that would have gone unnoticed in large interspecies gene comparisons, and our findings place constraints on broad conclusions about selection derived from the pooled analysis of genes on the basis of site of expression.
Supplementary Material
Appendices 1 and 2 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
